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FULL-SCALE INVESTIGATION OF SEVERAL JET-ENGINE NOISE-REDUCTION NOZZLES!®

By WirLarp D. Cornes and Eparonp E. CALLAGHAN

SUMMARY

A number of noise-suppression nozzles were tested on full- -

scale engines. In general, these nozzles achieved noise reduction
by the mixing interference of adjacent jets; that ts, by using
multiple-slot nozzles. Sereral of the nozzles achieved reductions
in sound power of approvimately & decibels (nearly 70 percent)
with small thrust losses (approz. 1 percent).

The mazimum sound-pressure level was reduced by as much
as 18 decibels in particular frequency bands. Some of the
nozzles showed considerable spatial asymmetry; that s, the
sound field was not rotationally symmetrical.

A method of calculating the limiting frequency effected by
such nozzles is presented. Furthermore, data are shown that
appear to indicate that further reductions in sound power will
not be easily achieved from nozzles using mixing interference
as a means of noise suppression.

INTRODUCTION

The normal development of the jet engine has produced
sizable increases in thrust and also, unfortunately, in jet-
engine noise. In fact, current jet engines are truly awesome
noise producers. There are several approaches to reducing
this jet-engine noise: The takeoff and climb-out pattern
of the aircraft (ref. 1) can be adjusted to cause the least
annoyance, or the engine itself can be made quieter.

It is well established that the principal source of jet-engine
noisge is the turbulent mixing of the jet with the surrounding
atmosphere (ref. 2). The noise generated by this process
is a function of the product of the eighth power of the
jet velocity and the jet area (refs. 2 and 3). Consequently,
reductions in jet velocity will greatly reduce noise. To ac-
complish this, however, there must be a change in the engine
cycle (e. g., the bypass engine) or a completely new engine
design concept (such as the low-temperature engine (ref. 4)).

In any case, such a development program requires consider- -

able time before a reliable and tested product can be in-
stalled on new aircraft. Therefore, the present problem is
to quiet existing engines.

Since the noise generation results from the turbulent mixing
of the jet, 2 change in this process should result in a change in
noise. Most of the noise-reduction devices tested during the
past several years have been based on this principle. A great
many different devices have been tried (refs. 5 to 7), but,
in general, all seek to alter the mixing process either by odd-
shaped nozzles or by the interference of multiple jets.

A theory relating jet turbulence to noise generation is
discussed in reference 8. The most significant result of this
work relates the eddy size and the turbulent intensity to
noise generation. As a result of this analysis, it appears
that reduction of noise generation can be accomplished in
one of the following ways: (1) Eddy size is decreased at
constant turbulent intensity, (2) turbulent intensity is
decreased at constant eddy size, or (3), most desirable,
both eddy size and intensity are decreased. The fact that
it is known how noise reduction may be accomplished helps

- somewhat, but it is certainly not readily apparent what

physical devices will result in any of the three suggested
means of noise reduction.

The devices discussed herein follow the general principles
outlined for accomplishing noise reduction. Some of these
devices ‘have been tried elsewhere and are presented as
confirmation of previous work. The investigation was con-
ducted at the NACA Lewis laboratory as part of a long-range
study of jet noise and means for its suppression.

SYMBOLS

exit area of nozzle, sq ft
g ambient speed of sound, ft/sec
D. nozzle diameter, ft
F engine thrust, 1b
T Z;Zf"d corrected-thrust ratio
frequency, cps
frequency corresponding to x distance, cps
jet height (see fig. 6 (b)), it
engine speed, percent of rated rpm
number of spaces between nozzle segments
sound power of suppressor nozzle, w
sound power of standard nozzle, w
jet spacing (see fig. 6 (b)), ft
exhaust-gas temperature, °R
jet velocity, ft/sec '
jet width (see fig. 6 (b)), ft
distance from nozzle exit to point at which adjacent
jets impinge, ft
ratio of engine-inlet total pressure to NACA
standard sea-level pressure of 2,116 1b/sq ft
i ratio of engine-inlet total temperature to NACA
standard sea-level temperature of 518.7° R
Po atmospheric air density, slugs/cu ft

&
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1 SBupersedes NACA Technical Note 3974 by Willard D. Coles and Edmund E. Oallaghan, 1957,
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APPARATUS AND PROCEDURE

TURBOJET ENGINES

—

Two axial-flow turbojet engines, with rated sea-level
thrusts of approximately 5,000 and 10,000 pounds, were
used in this investigation. At rated conditions, the total- to
static-pressure ratio across the exit nozzle was approximately
1.7 for the low-thrust engine and 2.3 for the high-thrust
engine. The jet velocities were approximately 1,730 and
1,900 feet per second, respectively. These engines were
mounted in an engine thrust stand, shown in figure 1 with
the 5,000-pound-thrust engine installed. The centerline of
the engine is located 8 feet above the ground plane. The
engines were equipped with large inlet bellmouth sections
and were provided with screens at the bellmouth entrance to
prevent ingestion of foreign material.

Engine thrust was measured by means of temperature- .

compensated strain-gage thrust links of appropriate range,
which gave measurements accurate to ¥4 percent. Engine
airflow was measured by means of static-pressure rakes and
wall taps to within an accuracy of ¥ percent. Additional

instrumentation was provided for measuring fuel flow,

exhaust-nozzle total pressure, and jet temperature.

Three different engine exhaust cones (two larger than
standard) were used with the 5,000-pound-thrust engine.
The larger cones were used in conjunction with the noise-
suppressor nozzles. The standard cone was used only with
the standard conical convergent nozzle.

ACOUSTIC MEASUREMENTS

The thrust stand (fig. 1) is located in an area that is
unobstructed rearward and to the sides for over X mile.
The nearest reflecting surface, other than a small control
room, was located approximately 400 feet in front of the
thrust stand. The reflective effects from the control room
should be extremely small at all the measuring stations
shown in figure 2, because no measuring stations are close
to the building and because of the small size of the building
and the angle at which it is located. Mleasurements of the

"'iﬁzr‘“ ! '4“‘_.--5'
Figore 1.—Thrust stand with 5,000-pound-thrust engine.
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over-all sound-pressure level ? were made approximately
8 feet above ground level at 15° intervals from the jet axis
and at a 200-foot radius from the jet exit for all the positions
shown in figure 2. Sound-pressure level was measured with
8 commercial sound-level meter set to a flat response from
20 to 10,000 cycles per second. Spectrum data were obtained
with an automatic audiofrequency analyzer and recorder.
The frequency range of this system is from 35 to 18,000
cycles per second and is divided into 27 %-octave bands. The
spectrum recorder and related equipment were mounted in a
specially adapted, insulated panel truck. Before each test,
both the sound-level meter and the frequency-recording

TABLE I.——NOISE—SUPPRESSION NOZZLES

Letter |Rated thrust Delalls In
designa- of test Deseription of nozzle figure 3
tion engine, 1b
A 5,000 | Six-corrugation or Greatrex type (ref. (a)
6) nozzle.

B 5,000 | Three-segment nozzle .. __.___ Eb}
C 10, 000 T‘lv)elge—segment nozzle with center- o
ody. :

D 5,000 | Nine-section rectangular (3 in. wide (d)

by 12 in. high) slotted nozzle.
E 5,000 | Nine-section rectangular (2 in. wide (e)
by 18 in. high) slotted nozzle.
F 5, 000 Seven-section rectangular (23 in. wide 3]
by 18 in. high) slotted nozzle (mod-
ification of nozzle E).
G 5, 000 Six-gsection rectangular (6 in. wide by ()
9 in. high) slotted nozzle.
H 5,000 | Six-section rectangular (9 in. wide by (h)
6 in. high) slotted nozzle.
I 5,000 | Six-section rectangular (8 in. wide by i)
6 in. high) offset (different exit
3 planes) slotted nozzle.
J 5,000 | Eighteen-section rectangular (2.7 in. §)]
wide by 6 in. high) slotted nozzle.
5, 000 Twelve-section rectangular (4 in. wide (k)
by 6 in. high) slotted nozzle (mod-
. ification-of nozzle J).
180°
15° .
1502
I3 3
1203 200 ft rControl room
. Py
05 \ ioon 35
-
90° - 270°
75°% —4285°
60°Y \ 7300°
450" 155 ——15° "315°
307 _ _—"330°
15 as°
o°
Fiaure 2.—Location of survey stations in sound field around engine
thrust stand. -

2 The nomenclature of acoustic terms (sound pressure, sound-pressure level, sound power,
and soectrum level) used in this report I8 that of reference 9.
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system were calibrated with a small loud-speaker-type
calibrator diiven by a transistor oscillator.

Although extreme care was taken to calibrate the sound-
measuring equipment, other sources of error affected the
results, The wind has an appreciable effect on jet direction
and hence distorts the sound field. No tests were made at
wind velocities greater than 14 miles per hour, but some
crrors do oceur because of wind gusts. Tests made on differ-
ent days with the same nozzle showed that local sound-
pressure-level variations might be as high as 43 decibels
because of displacement of the jet. However, the sound-
power levels always varied less than 41 decibel. The sound-
power data should be expected to be less in error since they
result from an integration over the whole sound field, and
errors in local values tend to average out. )

Normally, acoustic measurements were made at engine
rotational speeds of 100, 97.5, 92.5, and 87.5 percent of rated
speed. At cach engine speed, spectrum measurements
required about 20 minutes. In most cases, no spectrum
measurements were made at 100-percent speed.

vz’ Induced-oir
1z 22 passoge

77 Exhoust-gas
{ — ! possage

()
(a) Nozzlo A: Six-corrugation or Greatrex type (ref. 6).
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NOISE-SUPPRESSION NOZZLES

The noise-suppression nozzles used in this investigation
are listed in table I. For convenience, each nozzle has been
assigned a letter designation (given in table I), such as
“nozzle A,” and so forth, and will be referred to in this
manner in the succeeding discussion. Pertinent details of
the nozzles are shown in figure 3. -

It should be noted that area-adjustment tabs have been
provided at the exits of all the nozzles (e. g., fig. 3 (a)).
These tabs are used to trim the exhaust area to obtain the
‘correct relation between engine speed and exhaust-gas
temperature (i. e., rated exhaust-gas temperature at rated
engine speed).

. Spocer
e Induced-air
.31 possoge

T Exhaust-gas
S %éssougeqos

(b} -
(b) Nozzle B: Three-segment nozzle.

Fravre 3.—Noise-suppression nozzles investigated.

'
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(c)

(0) Nozzle C: Twelve-segment nozzle with centerbody.

Ficure 3.—Continued.

slotted nozzle.

\
Noise-suppression nozzles investigated. -

1 Induced-oir
pa3s0ge

Exhaust-gos

(d) Nozzle D: Nine-section rectangular (3 in. wide by 12 in. high)
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(f)
() Nozzle F: Seven-section rectangular (23% in. wide by 18 in. high)
slotted nozzle.

(9)

(g) Nozzle G: Six-section rectangular (8 in. wide by 9 in. high) slotted

nozzle.
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»> Induced-air
passoge

ST J,V
b B R bl
SR WY

i A T A N
G A A LT

1,
/ SSSSSusaes SRS
\V@, SO,

% Exhaust-gos
passage

: SN
A AN T

Y [P A
/ [,
iy

S SIS
; —

(e)

(6) Nozzle E: Nine-section rectangular (2 in. wide by 18 in. high)

slotted nozzle.

Figure 3.—Continued. Noise-suppression nozzles investigated.
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nozzle

. passage

* Exhoust-gos
« ... passage

(i
(b) Nozzle H: Six-section rectangular (9 in. wide by 6 in. high) slotfed (@) Nozzle I: Six-section rectangular (9 in. wide by 6 in. high) offset

slotted nozszle,

FiqurE 3.—Continued.” Noise-suppression nozzles investigated.
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L Spacer
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(j) Nozzle J: Eighteen-section rectangular (2.7 in. wide by 6 in. high)
slotted nozzle.
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(k) Nozzle K: Twelve-section rectangular (4 in. wide by 6 in. high)
slotted nozzle.

Fiaure 3.—Concluded. Noise-suppression nozzles investigated.
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RESULTS

The effectiveness of the mnoise-suppression devices is
demonstrated by comparison with the original noise source.
Initially, comparisons are made of the total sound power
radiated, the spectrum level (sound-pressure level per cycle),
and the directionality pattern for the various suppressor
devices and & standard conical convergent nozzle.

Such comparisons are useful for showing trends but cannot
be used as absolute measures of effectiveness, since ambient
conditions affect both the engine operation and the sound
generation. Data are presented for a fixed- engine speed of
either 97.5 or 100 percent of rated engine speed. The over-
all sound-pressure levels generally are presented for 100
percent and the spectrum level for 97.5 percent of rated
engine speed for the reasons discussed in APPARATUS
AND PROCEDURE section. With regard to both acous-
tics and engine operation, final comparisons of the various
nozzles are made using normalized parameters that eliminate
daily temperature and pressure variations. Furthermore,
comparisons between different engines equipped with sup-
pressor nozzles are only possible with normalized parameters.

NOZZLE A, SIX-CORRUGATION NOZZLE

Figure 4 (a) shows the directional distribution of the sound
for a six-corrugation nozzle (nozzle A, fig. 3 (a)) and a
standard nozzle. In this and subsequent similar figures,
only half the total sound field is shown. The values of sound-
pressure level presented are averages of the values on oppo-
site sides of the jet axis. This has been done in order to
minimize the wind effects discussed previously.

It is evident that this particular suppressor nozzle shows
very little effect on the directional pattern and level of the
sound. In fact, the total sound power radiated for this
nozzle was 164.3 decibels compared with 166.1 decibels for
the standard nozzle. These results, in general, confirm the
work of Greatrex on a similar nozzle (ref. 6). Greatrex has
shown that deeper corrugations will provide greater reduc-
tions in the area of maximum sound-pressure level (30° to
60° azimuths). Several frequency distributions of sound
pressure obtained with this nozzle are shown in figure 4 (b).
The spectrum levels at azimuths of 90° and 150° are prac-
tically the same as for the standard nozzle. At a 30°
azimuth, there is a decrease In energy between frequencies
of 150 and 600 cycles per second, with slight increases on
either side of this frequency range. It is not surprising,
therefore, that the power-level distribution with frequency
is practically unchanged from that of the standard nozzle
(fig. 4 (). . .

NOZZLE B, THREE-SEGMENT NOZZLE

Nozzle B (three-segment nozzle) reflects the trend toward
deeper corrugations mentioned previously (ref. 6). Figure
5 (2) shows a polar plot of the over-all sound-pressure level
for the three-segment nozzle (fig. 3 (b)) and the standard
nozzle. It is evident from the figure that this suppressor
had little effect on either directionality or sound-pressure
level. Consequently, the total power radiated was reduced
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only slightly from that of the standard nozzle; that is, less
than 1.0 decibel.

The spectrum levels (fig. 5 (b)) at the 90° and 150°
azimuths are quite similar to those of the standard nozzle,
and only the spectrum level at the 30° azimuth shows any
significant changes. Here there is a decrease in energy
between frequencies of 150 and 750 cycles per second with
increased values on either side of the frequency range. As
might be expected, the frequency distribution of the sound
was only slightly different from that of the standard nozzle

(fig. 5 (¢)).
NOZZLE C, TWELVE-SEGMENT NOZZLE WITH CENTERBODY ~

Nozzle C was the only one investigated on the high-thrust
engine; and, as pointed out previously, the results should
only be compared with other suppressor nozzles on the basis
of normalized parameters. This nozzle utilizes the idea of
deep corrugations but has 12 separate segments through
which the gas issues (fig. 3 (c)).

The sound polar plot of the over-all sound-pressure level
for suppressor nozzle C and & standard nozzle is shown in
figure 6 (a). These data show a marked reduction in sound-
pressure level both rearward and to the sides of the engine.
In fact, the peak sound-pressure level (at the 30° azimuth)
has been reduced by 11 decibels. The over-all effect has
resulted in a sound-power reduction of 8.5 decibels. Most
of this reduction in sound power occurred in the frequency
range from 40 to 1,000 cycles per second, as shown in figure 6
(¢). In fact, the reduction at a frequency of 200 cycles per
second is about 15 decibels. Furthermore, the spectrum
levels at various szimuth angles (fig. 6 (b)) show rather
interesting characteristics. At a 30° azimuth, the spe¢trum
level is decreased in the frequency range between 40 and

100 cycles per second; at a 90° azimuth, the spectrum level

is decreased in the frequency range between 40 and 300 cycles

.per second; and at & 150° azimuth, the spectrum level is

reduced in the frequency range between 40 and 2,000 cycles
per second.
NOZZLE D, NINE.SECTION RECTANGULAR (3 IN. WIDE BY 12 IN. HIGH)
SLOTTED NOZZLE
The effectiveness of nozzle D (nine-section rectangular
slotted nozzle) as a noise suppressor is shown by the polar
diagram of over-all sound-pressure level (fig. 7 (a)). Data

- are presented for the nozzle mounted both horizontally

(fig. 3 (d)) and vertically. It is evident that measurements
made in a horizontal plane show & different pattern, depend-
ing on mozzle orientation; hence, the usual assumption of
spatial symmetry does not hold. This effect was expected,
however, since the results of reference 2 for single nozzles
with elongated cross sections (ellipses) show this tendency.
It was expected that this effect might be amplified by the
use of multiple slots. The effect of nozzle orientation
(fig. 7 (a)) shows that the over-all sound-pressure levels
increased somewhat from the 45° to the 90° azimuth and
decreased from the 15° to the 30° azimuth when the nozzle
was mounted vertically.
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The distribution of sound pressure with frequency does
not appear to differ greatly with nozzle orientation, as shown
by the spectrum levels (figs. 7 (b) and (¢)). Aside from
slight shifts in sound-pressure levels, which reflect the results
shown in figure 7 (a), there are small differences in the shapes,
which indicate an energy shift toward higher frequencies for
the nozzle mounted vertically. In essence, this means that,
for a nozzle mounted horizontally, the sound pressures in the
vertical plane (vertical to ground and containing the jet
axis) are somewhat greater and have more high-frequency
energy than those in the horizontal plane (parallel to ground
and containing the jet axis).

The fact that the sound field is not rotationally symmetrical
about the jet axis means that the sound-power radiation
(over-all or in frequency bands) should be calculated using
average values. From the results shown in figure 7 (a), it is
evident that a simple arithmetic average of the intensities is
sufficient to give good accuracy for either total sound power
or power levels in frequency bands.

The distribution of sound power with frequency is shown
in figure 7 (d). It is evident that considerable decreases
have been obtained at frequencies from 100 to 2,000 cycles
per second when compared with the performance of a
standard nozzle. The total power radiated is 161.4 decibels
a3 compared with 166.1 decibels for a standard nozzle.

NOZZLE F, NINE-SECTION RECTANGULAR (2 IN. WIDE BY 18 IN. HIGH)
SLOTTED NOZZLE

Tigure 8 () shows the sound polar diagram for nozzle E
(nine-section rectangular nozzle) mounted in both the
horizontal (fig. 3 (e)) and vertical positions. It is evident
that the use of long narrow slots (2 by 18 in.) has resulted in

considerable sound emanation at approximately right angles

to the jet (90° azimuth), as evidenced by the data for the
vertical position. It would appear that, in general, nozzle
E produces greater sound pressures than nozzle D and hence
is a less effective noise suppressor. The total sound power
radiated by nozzle E is 163.9 decibels, which is 2.5 decibels
more than for nozzle D but somewhat less than for the
standard nozzle (166.1 db).

The distribution of sound power with frequency for
nozzle E is compared with that for a standard nozzle in
figure 8 (d). It is evident that some low-frequency energy
(100 to 1,600 cps) has been shifted to higher frequencies,
leaving the total power radiated approximately the same in
both cases. It is evident from the spectrum-level curves of
figures 8 (b) (nozzle horizontal) and 8 (c¢) (nozzle vertical)
that the shift in total power spectrum results chiefly from
the shift in energy in the region of maximum sound radiation
(30° azimuth) and from the increased enmergy at higher
frequencies for the 90° azimuth.

NOZZLE F, SEVEN-SECTION RECTANGULAR (23 IN. WIDE BY I8 IN. HIGH)
SLOTTED NOZZLE

Nozzle F (seven-section rectangular slotted nozzle, fig. 3
(f)) is a modification of nozzle E discussed in the preceding
section. The original nozzle (nozzle E) was cut back and
the two outer slots blocked off by an internal fairing. Both
nozzle F and the original nozzle show somewhat the same
characteristics. The polar diagram of over-all sound-
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pressure levels (fiz. 9 (a)) shows considerable radiation at
nearly right angle to the jet axis, as does that for the original
nozzle. There is one very important difference, however.
Nozzle F shows practically no effect of nozzle orientation on
over-all sound-pressure level, whereas the original nozzle
shows appreciable effects. It is evident from a comparison
of figures 8 (2) and 9 (2) that nozzle F is not appreciably
different from the original nozzle, B. The sound power
radiated is 163.5 decibels for the modified nozzle and 163.9
decibels for the original nozzle, compared with 166.1 decibels
for the standard nozzle.

The distribution of sound power for this nozzle (fig. 9 (d))
shows only small differences from the original nozzle. Fur-
thermore, the spectra at the three azimuth positions (figs.
9 (b) and (c)) are quite similar to those obtained with nozzle
E. At the 30° azimuth, the spectrum dip is greater for
nozzle E than for nozzle F (both mounted horizontally).
With vertical nozzle orientation, the reverse is true. A
comparison of the spectra vertically and horizontally for
nozzle F shows that, while there is spatial symmetry of the
over-all sound pressure (fig. 9 (a)), there is not symmetry
for the individual frequency bands.

In fact, at frequencies near 1,000 cycles per second (for
the 30° azimuth), date for the nozzle mounted vertically
(fig. 9 (c)) show reductions in spectrum level (from that of
the standard nozzle) of as much as 25 decibels. For the
nozzle mounted horizontally (fig. 9 (b)), data for the same
azimuth and frequency show negligible reduction. The net
effect on sound power is therefore quite small (fig. 9 (d)).

NOZZLE G, SIX-SECTION RECTANGULAR (5 IN. WIDE BY 9 IN. HIGH)

- SLOTTED NOZZLE

The sound polar diagrams for nozzle G (mounted hori-
zontally, fig. 3 (g)) and the standard nozzle are shown in
figure 10 (a). There is a reduction in sound pressure for
nozzle G (six-section rectangular slotted nozzle) in all direc-
tions. A check of this nozzle mounted vertically showed no
appreciable changes in the sound-pressure level. The dis-
tribution of the sound power (assuming spatial symmetry)
is shown in figure 10 (¢). Comparison of the distribution
with that of the standard nozzle shows that the reduction
of total power from 166.1 to 162.6 decibels results from a
reduction in sound power at the frequencies below 600 cycles
per second.

The spectrum-level curves (fig. 10 (b)) show rather inter-
esting characteristics when compared with those of & stand-
ard nozzle. At the 30° azimuth, there is considerable de-
crease in energy below frequencies of 500 cycles per second
and considerable increase above frequencies of 700 cycles
per second. At the 90° azimuth, the data show little effect
at low frequencies but & dip in energy at frequencies between
700 and 3,200 cycles per second. The results at the 150°
azimuth are quite similar for both this nozzle and the stand-
ard nozzle. It is interesting that the shift in energy upward
in frequency on the 30° azimuth is mostly offset by the

. decrease in energy above & frequency of 700 cycles per second

radiated at the 90° azimuth. The resultant effect (fig. 10
(¢)) shows little change in the total energy above a frequency
of 700 cycles per second when compared with the standard
nozzle.
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NOZZLE H, SIX-SECTION RECTANGULAR (3 IN. WIDE BY 6 IN. HIGH)
SLOTTED NOZZLE

The characteristics of nozzle H (six-section rectangular
slotted nozzle, fig. 3 (h)) are very similar to the character-
istics of nozzle G. The total power radiated was somewhat
less, 161.3 decibels compared with 162.6 decibels, and the
over-all sound pressures were slightly reduced (fig. 11 (a));
but, in general, the discussion given in the precedmg section
u.pphes equally well for both nozzles.

NOZZLE I, STX-SECTION RECTANGULAR (3 IN. WIDE BY 6 IN. HIGH) OFFSET
SLOTTED NOZZLE

Nozzle I (six-section rectangular offset slotted nozzle) is
a modification of nozzle H. The outer slots were cut back
6 inches, and the next inner pair 3 inches (fig. 3 (i)). Internal
trimmers were used to obtain the same slot width. As might
be expected, the polar diagram of sound-pressure level (fig.
12 (a)), the sound power (161.4 db), and the distribution
of sound power frequency (fig. 12 (¢)) are nearly the same for
both the modified nozzle I and the original nozzle H.

The spectrum-level curves (fig. 12 (b)) show some variation
from those of nozzle H, but the general trends remain the
same, There is 2 slight shift and increase in the dip of
the frequency-distribution curves at a frequency of about
400 cycles per second for the 30° azimuth data. At a 90°
azimuth, there is a peak in energy at a frequency of 2,500
cycles per second instead of the dip obtained with the
original nozzle. The total effects of these changes, are not
large, and it would appear that the slightly noncoplanar
slotted nozzle is not significantly different acoustically from
the coplanar nozzle.

NOZZLE J, EIGHTEEN-SECTION RECTANGULAR (27 IN. WIDE BY 6 IN. HIGED
SLOTTED NOZZLE

Sound polar diagrams for nozzle J (eighteen-section slotted
nozzle) mounted both horizontally (fig. 3 (3)) and vertically
are shown in figure 13 (a). It is evident that considerably
higher sound-pressure levels were obtained with the nozzle
mounted in the vertical position; that is, the sound field is
not rotationally symmetrical. Spectrum-level curves (figs.
13 (b) and (c)) for the nozzle mounted in both the horizontal
and vertical positions show a considerable decrease in the
low-frequency energy with some increase of high-frequency
energy. This is clearly evident at the 30° azimuth for both
nozzle orientations. The trend to less low-frequency noise is
ovident at both the 90° and 150° azimuths. The over-all
effect, shown in figure 13 (d), indicates a 10-decibel decrease
in sound pressure at a frequency of 200 cycles per second
with a slight increase in the energy above a frequency of 2,000
cycles per second. The total power radiated by nozzle J was
5.0 decibels less than that of the standard nozzle.

NOZZLE K, TWELVE-SECTION RECTANGULAR (4 IN. WIDE BY 6 IN. HIGH)
SLOTTED NOZZLE

Nozzle K (twelve-section rectangular slotted nozzle, fig.
3 (k)) is a modification of nozzle J. The sound-pressure
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field obtained with this nozzle mounted horizontally is shown
by the polar diagram of figure 14 (a). The spectrum-level
curves at three positions are shown in figure 14 (b). A com-
parison of tHse results with the results for the previous
nozzle does not show any significant changes, and in fact
the twelve-section nozzle appears to be a less effective
suppressor. This results largely from the spectrum changes
at the 30° azimuth in the frequenty range between 300 and
1,000 cycles per second (fig. 14 (b)). Because this nozzle
was not particularly different and not as good a suppressor
as the eighteen-section slotted nozzle, it was not tested in
the vertical position. Hence, no power levels are available,
since the sound field cannot be assumed rotationally sym-
metrical for such a configuration.

COMPARISON OF SOUND-POWER RADIATION BY MEANS OF LIGHTHILL'S
PARAMETER

In order to provide a valid comparison of the sound power
radiated with the various nozzles with regard to both
acoustics and engine operation, the data must be normalized
so0 that effects of daily temperature and pressure variations
are insignificant. For the engine this is accomplished by
properly trimming the exhaust-nozzle area so that the engine
always operates with the proper relation between corrected
exhaust-gas temperature 7'/6 and corrected engine speed

N/+6. Tt is well established (refs. 2 and 10) that the sound
power radiated from a jet issuing from a circular convergent
nozzle can be correlated with the Lighthill parameter
peAV8/al. Reference 2 shows that both small air-jet and
full-scale engines are well correlated by a single relation if
the velocity V used for the engine is defined as the ratio of
engine thrust to mass flow. The linear relation of sound
power and Lighthill’s parameter, both in watts, was found
to apply even though the nozzle pressure ratio slightly
exceeded the choking value (ref. 2). Thrust losses show up
as a decrease in velocity and a consequent decrease in Light-
hill’s parameter. This is an extremely important point, since
any device that reduces thrust and hence Lighthill’s param-
eter must show greater noise reductions than those that
could be obtained by throttling back the engine (with a
standard nozzle) to an equal thrust value.

Figure 15 shows the sound-power ratio (ratio of suppressor-
nozzle sound power to standard-nozzle sound power) for all
the nozzles plotted against Lighthill’s parameter. Nozzles
C, D, G, H, I, and J all give substantial reductions and, in
fact, reduce the sound power by 50 to 75 percent (3 to 6 db)
at rated engine power.

THRUST LOSS OF SUPPRESSOR NOZZLES

As mentioned previously, conditions at the jet exit of
an engine are dependent on the ambient conditions. It
is well established (ref. 11) that engine thrust can be nor-
malized by plotting corrected thrust F/§ against corrected
engine speed N/+/6. Figure 16 shows the corrected-thrust
ratio (ratio of suppressor-nozzle corrected thrust to standard-



1266 REPORT 1387—NATIONAL ADVISORY COMMITTEE FOR ABERONATUTICS

Nozzle 100
] H 180°
— — — Stondord 160° 1702 g
3 L ——
SO TIFT N
. \‘
g0 ;V‘\o\ \\
Y “&4["’\
( DTN
s THAE AT N
< 70 1 2N
u g O] = \\’;(1:3-,-5, o
et e VELT= S
. 100% irection 3 ol \l’\f\\\ \rt\
. ‘% v Nozle  Stondard  Azimuth \\ A\ N \
No: i ; ‘
9°° H nozle  deg N \\‘
80° 0 ° 150 R \
g —-—— 90
90 o —--— 30 §\
7o° s 40 \\l
-3 \
100 &
2 (b) y
s 301
1o & 140 p——
.g M \\
8 S <
— \\
120 z 130 N
1 ” N
>0 q_’o ) \y}r o\“\o—-o-—“*« ~
e AN
P 120 SN
©
g N
= 110
2 Nozzle A\
& o H S
X
®” — — — Stondord A
(§ 100
z
(c)
ool > 3
4 6 810 2 4 6 810 2 a 6 8 10%
Frequency, cps
(a) Directionality pattern. (b) Spectrum level at three azimuths.

(¢) Frequency distribution of sound power.
Ficure 11.—Sound-field characteristics of nozzle H.



FULL-SCALE INVESTIGATION OF SEVERAL JET-ENGINE NOISE-REDUCTION NOZZLES 1267

100

" Nozzle
o 1 | 180°
— — — Siondard 6Q° o 90 L \\

F~—
)%\0\ N LA

]

4

[V

3

/

/

{

<
HIT 71 /7 R
o

(r
a4

yr
\
\
\
\
:
/
%

Spectrum level, db
Q
-
i
/47&’
/
al

L’
e
pd

50 Nozzle  Stondord  Azimuth, ‘\\ tf&
I nozzle deg \R%)
0 — === 150 :\\
90 o — %
o 40 O ——-——— 30 X
o
100 & | ©)
® 30
2 150
1o &
E 140 — <
10° 0’20 — // N
= = N
123 N
2130 ] = >
e L4l TS
: AN
- 120 - s
E: N
H AN
110
. S Nozzle | R\
. o .
F\, ‘§ — — — Stondord t
100
REG
90— a
4 & 810° 2 4 6 BIO® 2 4 6 810
Frequency, cps
(8) Directionality pattern. ‘ (b) Spectrum level at three azimuths.

(¢) Frequency distribution of sound power.
Figure 12.—-S’ound-ﬁeld characteristics of nozzle I,



1268

REPORT 1387—NATIONAL ADVISORY COMMITTEE FOR AERONATTICS

S0 o
o
Nozzle - E
o J, horizontal lOOe
o J, vertical §
——— Stondard @
1o
e
3
@
120
100
P C, N
SON’/ <
80 und s
~
P o ASRNL
o \\\\‘ P =
g- 70 - _i')ﬁ\u\ | X Q
ez TR
~
I il ERIIENNAINN
K| A) \
3 X :
50 Nozzle  Standard  Azimuth
J nozzle deg ‘”\q“ FQ‘T
°© ————— 150 3
o —-—— 9
40 o ——--—— 30
(13)
30:% 8 102 2 4 6 8105 2 4 6 8I0%
Frequency, cps

(a) Directionality pattern.
(b) Spectrum level at three azimuths, nozzle horizontal.

Ficure 13.—Sound-field characteristics of noszle J.

100
S0 //' ~~—/\\
| 1] \
O S o ¢
804 AP ]
. I ANLLOTA <=0
~1_]_ - - SV
;‘ 70 \//JM_CL,U/D\ Y \\ l \
k. — -~ TN
RS2 S I A N
€ ~
£ e;o(L(l)_:>~ Al A \t’\ R\
K kY A
& ™ NP
\‘\ \\\ I’\
50 Nozzle  Stondord  Azimuth, AUSE NN
J nozzle deg \
0 ——=—-— 150
g —=-— 90 A
40 O —=-— 30
(c)
30
150
__140 —
’23 ul P N
I(Q B J \‘\
@ 130 = H_\ N
P o\ N
S 5+
T 120 \\o\
2 AN
g N
§|10 S
k-] Nozzle N A
5 o J D\
3 — — — Stondard
100
(?)
0% 8102 2 4 6 803 2 4 6 8 0%
— Frequency, cps

(c) Spectrum level at three azimuths, nozsle vertical.
(d) Frequency distribution of sound power.



FULL-SCALE INVESTIGATION OF BEVERAL JET-ENGINE NOISE-REDUCTION NOZZLES 1269

Nozzle
[S) K 1702 180°
~ — — Stondord 150
100 1
90 ===
S \
10° N
Jet L/O\Q AN 1
direction 80 'oq
100° 4 _ N
o - A
© \\\/ g W ’\
RPN o [\
w s cinmnaa NI ENNNa =X
90 560 oo
70° = & \O—T\q MR
A
=3 - A Y
100 3 50 Nozzle  Stondord  Azimuth, AN
© K nozzle deg
¢ M N
3 o ————— 150 » \
o ——-—— 90 \
1noa 40 O ———-——— 30
o
[=
20‘§ ('IJ)
1 30
() 4 6 8102 2 4 6 8103 2 4 6 810%
: Frequency, cps
(a) Directionality pattern. (b) Spectrum level at three azimuths.

Frqure 14.—Sound-field characteristics of nozzle K (nozzle horizontal).

T T L] I O L] T
. gozzle T i v il e i Nazzle
] o— A J
B D RN =T o—— —
ob € pal TTrskcl-cin ot o] o—-— ¢
Q¢ . —~ 9 1 1 L
=] P~
© r g8 3 B
§ ol B RS 0 =
o : — J
= o 2 S _ L Y- /L
g -4 3 4 \;§H§D T
20T 4 Sy )
2 3 N 3 ° o—
,_% -6l \\ «Q o———— D
| 2 'C lLES o— - — E -
4 6 8 | 2 4 6 8 Iox08 o—-— F
-g- PAVE g 5 PR
Lighthill's porameter, o ?
T16URE 15.—Sound-power ratio as function of Lighthill’s parameter. .g ! T '
n o— G
2 o——— H
3 o—-— 1
1.0 o Q
3 =" +
P2 il
< O .
3] =} - —
.9
1.0 T T T
o o——— J
NENENNNRNEE
%52 88 %2 % 100
{ Corrected engine speed, /@, percent rated
Figure 16.—Thrust ratio as function of corrected engine speed.




1270

nozzle corrected thrust) plotted as a function of cor-
rected engine speed. It is evident there is a notable range
of thrust losses. The extremely large thrust loss of nozzle ¥
(seven-segment, 2% by 18 in., rectangular nozzle) was prob-
ably caused by low pressures acting on the surfaces between
the segments. Such low pressures result from the relatively
high indueced velocities of the mixing air in traversing the
long narrow slots between adjacent jets.

The large thrust losses of nozzle C with the large center-
body also probably result from low pressures. In this case,
the hot gases separate from the cone and low pressures
result. As might be expected, the thrust loss decreases at
rated speed since the nozzle pressure ratio is high (2.3) and
hence the flow will expand and flow farther along the cone.
It is qmte possible that some of this loss might be decreased
by usmg better aerodynamic design.

It is interesting to note that nozzles G, I, and D were
among the best devices tested for noise reduction, and all
have quite small thrust losses. Several of the data points
for nozzle I are slightly greater than unity. This results
from decreased pressure losses associated with the larger-
than-standard exhaust cone used with this nozzle.

DISCUSSION OF RESULTS
SPECTRUM OF NOISE

In all cases where significant noise reduction was achieved
(nozzles C, D, G, H, I, and J), the effect occurred at low
frequencies. At high frequencies, the noise was either
unaltered or slightly increased. For example (fig. 7 (d)),
nozzle D shows reduction only at frequencies less than 2,400
cycles per second, while at the higher frequencies the sound-
power level was virtually unchanged. The reasons for this
can be explained in the following manner.

When two adjacent jets, as shown in the following sketch,

aae

b Mixing of
adjocent
jets

emerge from the nozzle, they mix with the surrounding air
and spread. At some point downstream, the mixing zones
intersect. The noise generated by each of the jets between
the nozzle exit and the point of intersection should remain
virtually unchanged, whereas the noise generated down-
stream of this point would be altered. This does not

TABLE IL—FREQUENCY 7. AT DISTANCE z DOWNSTREAM
WHERE ADJACENT JETS IMPINGE

Ja, cDS
Nozzle
Calculated Measured

B 1,223 1,000 (fig. 5 cgg
C 1365 1,600 (fig. 6 (c
D 2 600 2,400 (fig. 7 (d))
E 1815 1,800 (fig. 8 (d
F 3170 2,200 (fig. 9 (d
G 914 720 (fig. 10 (c
H 850 800 (fig. 11 (c
J 2,270 2,100 (fig. 13 (d)) -
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necessarily mean that the high-frequency noise (generated
near the jet exit) measured in the far field would be unaltered.
It would be expected that the mixing of the two jets would
result in decreased eddy sizes and a consequent decrease in |
the low-frequency noise generated downstream with an
increase in the high-frequency generation. If the turbulent
intensity in the mixing region of the adjacent jets is reduced
(vef. 12), then an increase in high-frequency radiation may
not be too significant in terms of total sound power. This
decrease in both eddy size and turbulent intensity would ful-
fill the requirements for noise reduction stated in reference 8.

" If the adjacent jets are considered to expand uniformly at
a half-angle of 9.4° (ref. 13), then it is possible to calculate
the distance downstream z at which the two jets impinge.
It would be expected that, in general, the frequencies most
affected would be those generated principally downstream
of point z.

In reference 13 a curve is given of the apparent positions
of the acoustic sources in & jet as a function of the axial
downstream distance, the high frequencies being generated
near the jet exit and the lower frequencies downstream,
These data are presented in -terms of the dimensionless
parameter, Strouhal number fD/V, against downstream
distance in exit diameters (fig. 16 of ref. 13). Unpublished
NACA data show that the relation given holds over a wide
range of nozzle diameters and jet velocities. If it is assumed
that rectangular slots generate sound in the same manner
and that the important dimension is the jet width, then it is
possible to calculate the highest frequency affected by mixing
interference f;. This has been done, and the results are given
in table ITI. These calculations were made for the condi-
tions at a nominal engine speed of 97.5 percent of rated speed.
Estimates of . have been made for both nozzles B and C
using an effective width and spacing. The effective width
and spacing were calculated by assuming that, since the gas
passages are roughly trapezoidal, the effective width is
approximately two-thirds the distance between the outer and
inner shells and, of course, nearer the outer shell. No
estimates were attempted for nozzle I, which has non-
coplanar exits.

A comparison of the calculations with the frequencies
estimated from the appropriate power-level distribution
curves shows that, in general, the agreement is quite good.
The notable exception is nozzle F. Since this nozzle was a
very ineffective suppressor, the difference probably results
from the dissimilarity between the actual flow conditions as
compared with the simplified calculations.

SOUND-POWER GENERATION

Further study of the preceding sketch would indicate that
the ratio of the volume in which mixing interference occurs to
the total volume of the adjacent jets is proportional to s/w.
Furthermore, the volume ratio depends on the total number
of jets for which mixing interference occurs. Since it might
be expected that the outside halves of the end jets would be
relatively unaffected, then the total volume ratio would be
approximately the product of s/w and the number of jets less
one (i. e., the number of spaces between nozzle segments n).
The noise suppression of the slotted nozzles would therefore
be expected to be,a function of ns/fw.
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A simple measure of the suppression of the slotted nozzles
is shown by the ratio of the sound power generated by the
suppressor nozzle to that of the standard nozzle (fig. 15).
Figure 17 shows this sound-power ratio (at rated engine
conditions) as & function of ng/w. Also shown on this curve
are the data for nozzle C, which has no end effects. The
general result would appear to be that all the data except
those for nozzles E, F, and J can be represented by a single
curve. Undoubtedly the slot height has some effect. It
would appear that this effect is small for all the nozzles
except Bl and F'. As long as there is sufficient room between
adjacent jets for the mixing air to ‘freely traverse down the
slots, then the solid curve applies. If this is not the case,
then the curve is shifted upward, as shown in figure 17.
This upward shift probably occurs abruptly, as is usual
with phenomena related to jet attachment to surfaces.
Such phenomena usually occur because of a pressure differ-
ential, and the jet will try to maintain its normal pattern
and then suddenly shift as a certain pressure differential is
reached. From an examination of the geometry of the
configurations, it would appear that this shift occurred
somewhere between a spacing-to-height ratio s/k of 0.167 and
0.111.

The results for nozzle J might well be high, since this
nozzle showed marked differences in the sound field dependent
on the nozzle orientation. A single average of the sound

powers (vertical and horizontal nozzle orientation) may not
be sufficient for this particular nozzle.

It might be expected that the solid curve representing the
better noise suppressors would hold generally for all sup-
pressors of this type. In fact, unpublished data using model
jets show good agreement with this curve for comparable
values of jet pressure ratio. Since this is the case, then
figure 17 indicates that the most noise reduction that could
be expected from such suppressors occurs near ns/w of 12.
It appears that further increases in ns/w will not result in
substantial noise decreases. Certainly increases in s/w will
tend to increase noise levels, since jets spaced far apart
should be relatively unaffected by mixing interference. In
fact, at large values of s/w the levels should return to that
for the standard nozzle.
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CONCLUDING REMARKS

It is evident from the results presented herein that it is
possible to.greatly alleviate the noise problems of current
jet engines. It is not possible, however, to recommend any
specific nozzle as appreciably better than all the others.
Nozzles C, D, G, H, I, and J all appear to be reasonably good
suppressors and reduce sound power by 50 to 75 percent (3
to 6 db). The reductions in the power in various frequency
bands is as much as 15 decibels. The sound-pressure levels
at particular positions showed reductions of 5 to 12 decibels
with as much as 18 decibels in various frequency bands. In
some cases the sound fields (nozzles D and J) are not rota-
tionally symmetrical and hence will cause special problems.
Nozzles C, H, and J had considerable thrust loss (about 4 to
7 percent), whereas nozzles D, G, and I had quite small
thrust losses.

Apparently it is not possible to achieve a great deal more
sound reduction from the types of nozzles presented herein.
The conversion of the test nozzles to flying hardware repre-
sents a considerable development effort. Furthermore, a
great many practical problems with regard to nozzle weight
and drag in flight remain to be answered. Certainly all the
nozzles tested will require further study to minimize these
effects.

Lewis Fuieer ProPULSION LLABORATORY
NaTionaL Apvisory COMMITTEE FOR AERONATUTICS
CrLevELAND, Omio, January 28, 1957
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